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Introduction {#sec001}
============

Breast cancer is the most common solid tumour in women world over. According to WHO (World Health Organisation) guidelines, 14% of deaths are caused due to breast cancer every year. In India, breast cancer is one of the leading causes of cancer-related deaths among women. Breast cancer accounts for 25% to 32% of all female cancers in many Indian cities \[[@pone.0155013.ref001]\]. Even though various therapies have been designed against breast cancer, still treatment of breast cancer becomes a challenge due to acquisition of drug resistance and relapse of the tumour \[[@pone.0155013.ref002]\]. This study aims to understand the impediments in cancer chemotherapy and helps to identify approaches to reduce drug resistance in cancer.

Multi drug resistance (MDR) is a phenomenon that causes resistance to several kinds of drugs simultaneously. One of the main mechanisms of MDR is the overexpression of drug transporters called ATP binding cassette (ABC) transporters, also called as efflux pumps \[[@pone.0155013.ref003]\]. There are 48 members of this superfamily that have been categorised into 7 families as ABC A-G, and majorly 16 ABC transporters are involved in human diseases. Among these, ABCB1 (p-glycoprotein/MDR1), ABCC1 (MRP1) and ABCG2 (BCRP1) are the major drug transporters which have been widely implicated in drug resistance in several cancers. These transporters are found to be overexpressed in several cancers including lung, breast and pancreatic cancers, and their overexpression is inversely correlated with patient survival. Several reports, including work from our lab \[[@pone.0155013.ref004]\], have shown that treatment with chemotherapeutic drugs increases the expression of ABC transporters *in vitro*. Consistent with this, chemotherapy-treated patient samples have been shown to have elevated expression of ABC transporters. Indeed inhibition of ABC transporters leads to chemosensitization, suggesting that inhibitors of ABC transporters can improve treatment outcome.

Several members of the ABCC family have been implicated in drug resistance \[[@pone.0155013.ref005]\]. Upregulation of ABCC1 has been shown to be associated with more aggressiveness in hepatocellular carcinoma. Recent reports suggested that inhibition of ABCC1 with MK-571 reverses the doxorubicin resistance in H69AR small cell lung cancer cell line \[[@pone.0155013.ref006]\]. In pancreatic carcinoma, 5-flurouracil resistant capan1 cell line showed several folds upregulation of ABCC1 and ABCC3 expression compared to parental cell line \[[@pone.0155013.ref007]\]. Treatment with reversan, an ABCC1 inhibitor, improved tumour free-survival in mice \[[@pone.0155013.ref008]\]. ABCC3 was significantly expressed in hepatocellular carcinoma biopsies \[[@pone.0155013.ref009]\] and non-small cell lung carcinoma \[[@pone.0155013.ref010]\]. It served as a marker for multidrug resistance in non-small cell lung carcinoma and associated with poor survival. In another study, overexpression of ABCC3 in glioblastoma multiforme (GBM) was shown to be associated with high risk for death \[[@pone.0155013.ref011]\]. ABCC1 and ABCC3 may thus act as prognostic factors in many cancer subsets.

In breast cancers, ABCC1 expression has been correlated with patient survival following chemotherapy \[[@pone.0155013.ref012]\]. A tissue microarray analysis conducted on 281 breast cancer patients revealed that shorter disease free-survival was significantly associated with ABCC1 and ABCC11 expressions. It was also reported that these transporters were highly expressed in aggressive breast cancer subtypes \[[@pone.0155013.ref013]\]. Interestingly, ABCC5 expression in breast cancers has been associated with increased bone metastasis. ABCC3 is frequently amplified and overexpressed in HER2-positive breast cancer compared to HER2-negative breast cancer patient samples \[[@pone.0155013.ref014]\]. However, a functional relevance for ABCC3 expression in drug resistance and stemness aspect in breast cancers is not well established.

In this study, we examined the expression of the drug transporter ABCC3 in chemotherapy treated versus chemo-naive patient samples in comparison with that of ABCC1. We additionally investigated the functional consequences of overexpression of these transporters in drug retention, and the effects of their knockdown, using an RNA-i approach, in regulating drug sensitivity, breast cancer stemness, and tumor forming efficiency in immunocompromised mice.

Materials and Methods {#sec002}
=====================

Collection of normal, tumour and chemo-treated breast tissue samples {#sec003}
--------------------------------------------------------------------

Adjacent normal (30 tissue samples), chemo-naive tumour breast tissues (66 tissue samples) and chemo-treated tumor tissue samples (n = 30) from grade III invasive breast ductal carcinoma were obtained from Kidwai Memorial Institute of Oncology (KMIO) Bangalore, in accordance with the Institutional Review Board and in compliance with the ethical guidelines of KMIO and the Indian Institute of Science (IISc). This study was approved by Institutional Human Ethics Committee, IISc. Patient consent was acquired in a written form before the surgery. The normal tissue was excised \~6 cm away from tumour and was confirmed by pathologists for absence of tumour cells. As per neo-adjuvant treatment protocol, patients were treated with 5-FU (5-flurouracil) and cyclophosphamide for 3 cycles (each cycle for 21 days). Surgically resected tumor tissue was collected and divided into two parts. One part harvested for RT-PCR and another part was used to isolate single cells for FACS based experiments. For RNA isolation, normal and tumour tissue chunks were collected in RNA later (Qiagen, Hilden, Germany). For FACS (Florescence activated cell sorting) analysis single cells were used. For experiments involving live culture, tissues were minced with DMEF-12 media containing collagenase and hylurinidase and minced tissue chunks were hybridized in 37°C for 12--14 hours, normal and tumour organoids were isolated by centrifugation. After 4 hours, organoids were trypsinized and single cells were isolated by passing through 100 μn cell strainer \[[@pone.0155013.ref015]\].

Culture of normal and cancer cell lines {#sec004}
---------------------------------------

Immortalized breast cell line HBL-100 and breast cancer cell lines BT-474, MCF-7, MDA-MB-231, T-47D and HCC-1806 (obtained from ATCC) were cultured in DMEM (Sigma) supplemented with 10% FBS (Invitrogen), immortalized MCF-10A cells were cultured as described previously \[[@pone.0155013.ref004]\] in DMEM-F12 with growth factors (10 ng/ml hEGF, 1 mg/ml hydrocortisone, 10 mg/ml insulin, 4 ng/ml heparin) (Sigma Aldrich) and B27 (Invitrogen, Carlsbad, CA, USA) and 10% FBS. All media also included penicillin (1 kU/ml) and streptomycin (0.1 mg/ml), and patient derived cells were cultured in serum-free DMEM-F12 media supplemented with growth factors \[[@pone.0155013.ref016]\] and maintained under standard tissue culture conditions of 37°C in a humidified incubator.

Transfections and stable cell generation {#sec005}
----------------------------------------

MDA-MB-231and BT-474 cells were transiently transfected with pCMV-ABCC1 expression (ABCC1 (OE)) or pCMV-ABCC3 expression (ABCC3 (OE)) constructs or pCMV-empty vector using lipofectamine-2000 (Invitrogen). After 48 hours of transfection cells were split into two portions: one portion was used for doxorubicin retention studies and another portion was used for RNA isolation. Expression constructs were kindly gifted by Dr. P Borst from Netherlands. ABCC1 and ABCC3 knockdown stable cells were generated by transfecting MDA-MB-231 cells and BT-474 cells with shRNA construct targeting ABCC1 (pGIPZ-ABCC1) or ABCC3 (pGIPZ-ABCC3) or non-targeting (pGIPZ-Non-targeting shRNA vectors; Thermo-scientific) using Lipofectamine-2000. Stable cells were generated by selection with puromycin (0.5 μg/ml) followed by flow cytometer based sorting (MoFlo-Beckman Coulter) for GFP expression (encoded by the vector) and were expanded and frozen for future use. Knockdown was confirmed by Real time PCR.

Real Time PCR (qPCR) {#sec006}
--------------------

Primary normal and tumour tissues (obtained from KMIO) were processed using motorized homogenizer, the snap frozen tissue (\~100 mg) was ground and total RNA was isolated using Tri-reagent (Sigma Aldrich, St Louis, MO, USA) according to manufacturer's protocol. cDNA was synthesized from 2 μg of total RNA using Gene-Amp RNA PCR cDNA synthesis kit (Applied Biosystems, Carlsbad, CA, USA). Primers were designed using Primer3 online tool. GAPDH and β2-microglobulin were used as normalizing controls. Sequence of primers used is provided in [S1 Fig](#pone.0155013.s001){ref-type="supplementary-material"}. Real Time PCR was performed according to manufacturer's protocol using DyNAmo SYBR Green qPCR Kit (Finnzymes, Vantaa, Finland) with ROX as passive reference dye using Applied Biosystem's 7900 HT Real Time PCR system. The following PCR program was used for all real time PCR based experiments: initial denaturation at 95°C for 5 minutes, followed by 40 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, extension at 72°C for 30 seconds, and final extension at 72°C for 5 minutes.

Real time PCR analysis strategy for patient samples {#sec007}
---------------------------------------------------

For quantification of gene expression, ct values of each gene was normalized to β2M and calibrated to the appropriate control sample using the SYBR Green-based comparative CT method (2-ΔΔCt). For comparison between normal and chemo-naive tumor tissues, ABCC1 and ABCC3 expression in tumor tissues was calculated using normal tissue sample expression as reference control. Further, ΔΔct of normal tissue samples was calculated by subtracting the average Δct of all the normal tissues (n = 30) from the individual Δct of normal tissue sample (n = 30). ΔΔct of chemo-naive tumor tissue samples was calculated by subtracting the average Δct of all the normal tissues (n = 30) from the individual Δct of tumor tissue sample (n = 66). For comparison between chemo-naïve tumor and chemotherapy treated samples, ABCC1 and ABCC3 expression of chemotherapy treated samples were calculated using chemo-naive (tumor) tissue sample expression as reference control. Further, ΔΔct of chemo-naive tissue samples was calculated by subtracting the average Δct of all the chemo-naive tissues (n = 66) from the individual Δct of chemo-naive tissue samples (n = 66). ΔΔct of chemo-therapy treated samples was calculated by subtracting the average Δct of all the chemo-naive tissue samples (n = 66) from the individual Δct of chemo-therapy treated tissue sample (n = 30). Fold change was calculated using the formula 2^-ΔΔct^ \[[@pone.0155013.ref017]\]

Drug treatment strategies for real time PCR and retention studies {#sec008}
-----------------------------------------------------------------

MDA-MB-231 and BT-474 cells were treated with 0.25 μM doxorubicin (DOX) or 0.2 μM of mitoxantrone (MXR) or 3 μM of 5-flurouracil (5-FU) (sigma Aldrich) for 4 days in incubator after 4 days cells were harvested for RNA isolation followed by cDNA preparation. For retention studies 1 μM of doxorubicin or 1 μM of mitoxantrone or 0.5 μM of rhodamine 123 was treated for only 1 hour.

Drug retention assay {#sec009}
--------------------

The cells were trypsinized, counted (1x10^5^) and incubated with doxorubicin {(1 μM) or rhodamine 123 {(0.5 μM) or mitoxantrone {(1 μM) in 37°C incubator for 60 minutes; vehicle control (Water) or unstained cells served as controls. Stained cells were washed twice with PBS and 10,000 events were analyzed per sample. Doxorubicin was measured using Exitation-488 nm and Emission-560 nm filters, while rhodamine and mitoxanthrone were measured using Exitation-511 nm and Emission-534 nm filters in BD FACS-Canto (BD Biosciences); Data was analysed using Summit 5.2 software.

Cytotoxicity assay {#sec010}
------------------

Dose-dependent cytotoxic effects of doxorubicin, mitoxantrone and methotrexate (MTX) were measured by MTT assay as described earlier \[[@pone.0155013.ref018]\]. Briefly, cells were seeded (7x10^3^ cells/well in 100 μl) into 96 well plates in triplicates, after 12 hours of seeding, cells were treated with various concentrations of chemotherapeutic drugs for 48 hours. After 48 hours, 20 μl of 5 mg/ml of MTT reagent (Sigma Aldrich) was added into each well and incubated for 4 hours, then media was removed and 100 μl of DMSO was added to the wells and absorbance was measured at 575 nm using plate reader (Infinite M200 PRO-Tekan).

CD44^high^/24^low^ analysis {#sec011}
---------------------------

CD44^high^/CD24^low^ assay was performed as described earlier (14). Briefly, MDA-MB-231 stable cells were trypsinized and counted, 1x10^5^ cells were taken from each condition and incubated at 37°C with 5% CO~2~ for 1 hour. Then CD44 antibody labelled with PE-CY-7 and CD24 antibody labelled with PE (BD Biosciences) were added and incubated in ice for 45 minutes with intermittent mixing. After incubation cells were washed twice with 1xPBS, and 10,000 events were analyzed per sample in BD-FACS canto-flow cytometer equipped with Exitation-488 nm and Emission-785 nm for PE-CY7 and Exitation-488 nm and Emission-578 nm filters for PE. Data was analysed using Summit 5.2 software.

Annexin -V assay {#sec012}
----------------

For apoptosis analysis, MDA-MB-231 cells expressing NT, shABCC1 and shABCC3 cells (1x10^5^) were seeded into 12 well plate. Cell were treated with doxorubicin (1 μM) or methotrexate (30 μM) for 20 hours, trypsinized, counted and incubated with Annexin-V-PEcy 5.5 in Annexin-V binding buffer (BD-biosciences). After 15 minutes of incubation, cells were analyzed (10,000 events collected) using BD FACS canto equipped with (Exitation-488 nm and Emission-690 nm) filters. Data was analysed using Summit 5.2 software.

*In vivo* tumour formation assay {#sec013}
--------------------------------

Animal experiments were performed with approval from Institutional Animal Ethics Committee, IISc. Four-five week-old female NOD-SCID were used for *in vivo* animal experiments. The animals were housed under specific pathogen free conditions. Non-targeting shRNA cells were injected subcutaneously into left flank and ABCC3 knockdown cells were injected into right flank of each mouse. After 20 days of injection, when palpable bumps developed, the mice were randomized into 2 groups; one group was treated (tail vein) with vehicle control and another group with doxorubicin (2 mg/kg b.w) for every four days until 4 weeks. Tumour size was measured regularly. At the end of the experiments, the animals were sacrificed and tumours were dissected and tumor weight measured for size analysis. Tumor inhibition rate was calculated by Tumour Inhibition Rate (IR) formula, IR (%) = ((Wc−Wt)/Wc) × 100%, wherein Wc and Wt represent the mean tumor weight of the control group and treatment group.\[[@pone.0155013.ref019]\]

Statistical analysis {#sec014}
--------------------

Statistical significance determined using student's t-test, ANOVA and two-way ANOVA. Curve-fit method was used to analyse IC~50~ value. Graph-pad prism software version 5 was used for all statistical tests and plotting the graphs. Results are shown as mean±SEM.

Results {#sec015}
=======

ABCC3 is overexpressed in breast cancer samples and cancer cell lines {#sec016}
---------------------------------------------------------------------

Although the expression of ABCC1 in breast cancers has been investigated by multiple studies \[[@pone.0155013.ref004], [@pone.0155013.ref020]\], the expression of ABCC3 has not yet been well investigated in grade III breast cancers. Hence, to begin to understand the role of these transporters in breast cancer progression, we first investigated the expression of ABCC3 in grade III invasive breast ductal carcinoma tissue samples and compared it with that of ABCC1 in the same samples. To do so, we performed real time quantitative PCR based study in patient samples. Our data revealed that ABCC1 was overexpressed (p = 0.0056) in breast cancer tissue compared to normal ([Fig 1A](#pone.0155013.g001){ref-type="fig"}, [S1](#pone.0155013.s006){ref-type="supplementary-material"} and [S2](#pone.0155013.s007){ref-type="supplementary-material"} Tables), consistent with previous studies \[[@pone.0155013.ref020]\]. In addition, we found a significant increase (p = 0.0006) in the expression of ABCC3 in breast cancer tissue compared to normal ([Fig 1B](#pone.0155013.g001){ref-type="fig"}, [S3](#pone.0155013.s008){ref-type="supplementary-material"} and [S4](#pone.0155013.s009){ref-type="supplementary-material"} Tables).

![ABCC3 is overexpressed in breast cancer samples and cancer cell lines.\
A and B) ABCC1 and ABCC3 mRNA expression in primary normal breast tissues (n = 30) and primary grade III breast cancer tumors (n = 66) was determined by qPCR analysis. Relative quantification of ABCC1 (1A) and ABCC3 (1B) mRNA expression is standardized to β2M housekeeping gene and normalized to normal breast tissues. Error bar represent standard error of the mean (SEM); \* = p\<0.05, \*\* = p\<0.01. C and D) Scatter plot shows ABCC1 (1C) and ABCC3 (1D) gene expression in immortalized breast cell lines (HBL-100 and MCF-10A) and breast cancer cell lines (BT-474, T-47D, MCF-7, MDA-MB-231 and HCC-1806) evaluated by qPCR. Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3.](pone.0155013.g001){#pone.0155013.g001}

Further, we also investigated the expression of ABCC1 and ABCC3 in various breast cell lines ranging from immortalized to cancer cells. Interestingly we observed that most of the breast cancer cell lines tested (BT-474, MCF-7, T-47D, MDA-MB-231 and HCC-1806) showed significant upregulation of ABCC1 ([Fig 1C](#pone.0155013.g001){ref-type="fig"}) and ABCC3 ([Fig 1D](#pone.0155013.g001){ref-type="fig"}) compared to immortalized cell lines (HBL-100 and MCF-10A).

Together, our data is consistent with previous reports that have shown overexpression of ABCC1 in several cancers including breast cancers \[[@pone.0155013.ref021]\]. In addition, our data identifies increased expression of ABCC3 in grade III breast cancers in comparison to normal tissues.

ABCC3 overexpression decreases the retention of anti-cancer agents {#sec017}
------------------------------------------------------------------

Since increased expression of ABC transporters is associated with drug resistance primarily due to drug efflux, we investigated the direct effect of exogenous ABCC3 overexpression on chemotherapeutic drug retention, and compared it with that of ABCC1 expression, the well-studied family member. To do so we over expressed ABCC1 and ABCC3 genes by transient transfection of pCMV-ABCC1 and pCMV-ABCC3 constructs into MDA-MB-231 and BT-474 breast cancer cell lines. RT-PCR analyses revealed nearly 5-folds and 3-folds upregulation of ABCC1, while 5 folds and 12 folds upregulation of ABCC3, respectively in both the cells ([Fig 2A and 2B](#pone.0155013.g002){ref-type="fig"}). Further we observed that overexpression of ABCC1 significantly reduced the retention of doxorubicin and mitoxantrone in both MDA-MB-231 and BT-474 cells ([Fig 2C--2F](#pone.0155013.g002){ref-type="fig"} and [S2A--S2D Fig](#pone.0155013.s002){ref-type="supplementary-material"}). This is consistent with previous studies where collagen-1 treatment induced upregulation of ABCC1 was shown to lead to a reduction of doxorubicin retention in Jurkat and HSB2 leukemic T-cells \[[@pone.0155013.ref022]\]. Interestingly, overexpression of ABCC3 in these cells also significantly reduced the retention of doxorubicin ([Fig 2C--2F](#pone.0155013.g002){ref-type="fig"}), however retention of mitoxantrone was unaltered ([Fig 2E and 2F](#pone.0155013.g002){ref-type="fig"}). This is consistent with mitoxantrone not being an ABCC3 substrate (20). Taken together our results demonstrated that similar to ABCC1, overexpression of ABCC3 also reduces the retention of anti-cancer drugs in breast cancer cells.

![ABCC3 overexpression decreases the retention of anti-cancer agents.\
A and B) Bar graphs shows ABCC1 (2A) and ABCC3 (2B) gene expression in MDA-MB-231and BT-474 cells transiently transfected with pCMV (empty vector) or pCMV-ABCC1 overexpression vector (ABCC1 (OE)) or pCMV-ABCC3 overexpression vector (ABCC3 (OE)) of, evaluated by qPCR. Error bar represent standard error of the mean (SEM); \*\*\* = p\<0.001, n = 3. C) Bar graphs shows the doxorubicin retention (%) in MDA-MB-231, transiently transfected with empty vector (MFI-18±1) or ABCC1 (OE), MFI-13±0.6 or ABCC3 (OE), MFI-13.5±1 and analyzed by flow cytometry. Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3. D) Bar graphs shows the doxorubicin retention (%) in BT-474 transiently transfected with empty vector (MFI-20±1.2) or ABCC1 (OE). MFI-13.1±0.6 or ABCC3 (OE), 15±0.7 and analyzed by flow cytometry. Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3. E) Bar graphs shows the mitoxantrone retention (%) in MDA-MB-231 transiently transfected with empty vector, MFI-19.6±0.2 or ABCC1 (OE), MFI-15.3±0.4 or ABCC3 (OE), MFI-18.1±0.67 and analyzed by flow cytometry. Error bar represent standard error of the mean (SEM); \*\*\* = p\<0.001, n = 3. F) Bar graphs shows the mitoxantrone retention (%) in BT-474 transiently transfected with empty vector, MFI-21.6±0.4 or ABCC1 (OE), MFI-14.3±0.4 or ABCC3 (OE), MFI-19.1±0.97 and analyzed by flow cytometry. Error bar represent standard error of the mean (SEM); \*\*\* = p\<0.001, n = 3.](pone.0155013.g002){#pone.0155013.g002}

Chemotherapy increases ABCC3 gene expression {#sec018}
--------------------------------------------

Since chemotherapeutic treatment itself is known to upregulate the expression of ABC transporters \[[@pone.0155013.ref020]\], thus aiding drug resistance, we next investigated the effect of chemotherapy on the expression levels of ABCC3 using breast cancer patient-derived tissue samples. We first investigated the levels of ABCC1 that is known to be increased upon chemotherapy treatment \[[@pone.0155013.ref020]\], and would thus serve as a positive control. We performed real time PCR based analysis on freshly obtained chemotherapy treated breast cancer patient tissue samples (n = 30) and compared it with untreated (chemo-naive) patient sample (n = 66) set (the same set from [Fig 1A and 1B](#pone.0155013.g001){ref-type="fig"}). Our data revealed that chemotherapy-treated breast cancer samples showed higher expression of ABCC1 compared to chemo-naive samples ([Fig 3A](#pone.0155013.g003){ref-type="fig"}, [S2](#pone.0155013.s007){ref-type="supplementary-material"} and [S5](#pone.0155013.s010){ref-type="supplementary-material"} Tables), similar to previous report \[[@pone.0155013.ref020]\]. Additionally, our data revealed an increase in the expression of ABCC3 in chemotherapy-treated breast cancer patient samples ([Fig 3B](#pone.0155013.g003){ref-type="fig"}, [S4](#pone.0155013.s009){ref-type="supplementary-material"} and [S6](#pone.0155013.s011){ref-type="supplementary-material"} Tables) compared to chemo-naive samples, suggesting a possible role for ABCC3 in treatment-induced drug resistance in breast cancers.

![Chemotherapy increases ABCC3 gene expression.\
A and B) qPCR analysis of ABCC1 and ABCC3 expression in tumor (chemo-naive) tissues (n = 66) and chemo-therapy treated patient tissue samples (n = 30). Relative quantification of ABCC1 (3A) and ABCC3 (3B) mRNA expression was standardized to β2M housekeeping gene and normalized to chemo-naïve tumor tissue expression. Error bar represent standard error of the mean (SEM); \* = p\<0.05, \*\* = p\<0.01. C and D) FACS plots (3C) shows the doxorubicin retention in chemo-naive tumour derived cells (n = 5, MFI-9.8±0.3) and CT treated tumour derived cells (n = 5, MFI-5.95±0.4). Bar graph (3D) shows the doxorubicin retention (%). Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, n = 3. E and F) Bar graph shows ABCC1 (3E) and ABCC3 (3F) gene expression in MDA-MB-231 and BT-474 cells treated with vehicle control, doxorubicin (0.25 μM), mitoxantrone (0.25 μM) and 5-FU (3 μM) evaluated by qPCR. Error bar represent standard error of the mean (SEM); \* = p\<0.05, \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3.](pone.0155013.g003){#pone.0155013.g003}

To investigate if overexpression of ABCC1 and ABCC3 correlated functionally with drug resistance, we performed doxorubicin retention assays (n = 5) in primary cancer derived cells from the same chemotherapy treated and chemo-naive patient samples. Chemotherapy-treated samples showed significantly reduced retention of doxorubicin compared to chemo-naive samples ([Fig 3C and 3D](#pone.0155013.g003){ref-type="fig"}), suggesting that treatment with chemotherapy likely further induces drug resistance by decreasing the uptake of drugs.

Next we investigated the effects of chemotherapeutic drug treatment on the expression of ABCC1 and ABCC3 in established breast cancer cell lines. Our results revealed that upon 4 days of doxorubicin treatment (0.25 μM) ABCC1 and ABCC3 expression was upregulated in MDA-MB-231 and BT-474 cells compared to vehicle treatment ([Fig 3E and 3F](#pone.0155013.g003){ref-type="fig"}). Similarly, treatment with mitoxantrone (0.2 μM) for 4 days also increased ABCC1, but not ABCC3, expression compared to vehicle treatment. Since we observed that breast cancer samples derived from patients treated with 5-flurouracil and cyclophosphamide showed upregulation of ABCC1 and ABCC3, we further went ahead to check the expression of ABCC1 and ABCC3 upon 5-fluorouracil (3 μM) treatment in breast cancer cell lines. Interestingly we observed that ABCC1 and ABCC3 were upregulated upon 4 days of treatment with 5-flurouracil ([Fig 3E and 3F](#pone.0155013.g003){ref-type="fig"}). Together, our data revealed that treatment with chemotherapeutic drugs enhances the expression of ABCC1 and ABCC3 in breast cancer cells both in vivo and in vitro. While our data on ABCC1 are consistent with previous studies \[[@pone.0155013.ref004]\], we now additionally report the increased expression of ABCC3 on chemotherapy treatment in breast cancer cells.

Knockdown of ABCC3 enhances doxorubicin retention in breast cancer cells {#sec019}
------------------------------------------------------------------------

To further corroborate the expression of ABCC3 with drug transport and chemoresistance, we investigated the effect of inhibition/knockdown of these transporters. To do so, we first standardized drug retention assays in the presence of pharmacological inhibitors of ABC transporters. Since such inhibitors are currently available only for ABCC1, we proceeded to check the effect of pharmacological inhibition of ABCC1, which would additionally serve as positive control. Here we pre-treated breast cancer cell lines (MDA-MB-231 and BT-474) with 20 μM of MK-571, a specific ABCC1 inhibitor, for 1 hour, followed by treatment with 0.5 μM rhodamine 123, a standard substrate for retention studies \[[@pone.0155013.ref023]\]. We observed significant increase in the retention of rhodamine 123 upon ABCC1 inhibition compared to vehicle treated (DMSO) cells ([Fig 4A](#pone.0155013.g004){ref-type="fig"} and [S3A Fig](#pone.0155013.s003){ref-type="supplementary-material"}). We next performed doxorubicin retention assay upon ABCC1 inhibition to check the retention of doxorubicin in various breast cancer cell lines (MDA-MB-231, BT-474, MCF-7 and HCC-1806) as well as in primary breast cancer tissue samples. We observed that doxorubicin retention was also increased in MK-571 treated cells compared to vehicle treated cells ([Fig 4B](#pone.0155013.g004){ref-type="fig"} and [S3B Fig](#pone.0155013.s003){ref-type="supplementary-material"}). Similar results were obtained with primary breast cancer tissue-derived cells ([Fig 4C](#pone.0155013.g004){ref-type="fig"} and [S3C Fig](#pone.0155013.s003){ref-type="supplementary-material"}). We next asked if ABCC1 was involved in the observed ([Fig 3C and 3D](#pone.0155013.g003){ref-type="fig"}) reduction in doxorubicin retention in the chemotherapy treated patient samples. To address this, we investigated the effects of MK-571 treatment in drug retention by chemotherapy treated patient sample derived cells. We had previously observed that doxorubicin retention was 2 folds lower in chemotherapy treated patient samples compared to chemo-naive patient samples. Interestingly, we observed that inhibition of ABCC1 with MK-571 in chemotherapy treated patient samples increased their doxorubicin retention ([Fig 4D and 4E](#pone.0155013.g004){ref-type="fig"}). Thus, our data revealed that increase in the expression of ABCC1 on chemotherapy treatment reduces the retention of doxorubicin in breast cancer cells and this could be rescued by MK-571.

![Knockdown of ABCC3 enhances doxorubicin retention in breast cancer cells.\
A) Bar graph shows the rhodamine-123 retention (%) in MK-571 treated MDA-MB-231 (MFI-341.1±4) and BT-474 cells (324.1±0.6) and vehicle treated MDA-MB-231(MFI-302±2) and BT-474 cells (295±5) respectively. Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3. B) Bar graphs shows the doxorubicin retention (%) in MK-571 treated MD-MB-231 (MFI-11±0.32), BT-474 (10.5±0.6), MCF-7 (MF-13.2±0.3) and HCC-1806 (MFI-5.9±0.5) and vehicle treated MD-MB-231 (MFI-15.5±0.3), BT-474 (8.3±0.9), MCF-7 (12.1±0.2) and HCC-1806 (MFI-4.1±0.2) breast cancer cell lines respectively. C) Bar graphs shows the doxorubicin retention (%) in MK-571 treated chemo-naive tumour derived cells (MFI-14.5±0.8) compared to vehicle treated cells (MFI-9.7±0.5). Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3. D and E) FACS plots (4D) shows the doxorubicin retention in chemo-naive tumour derived cells (n = 5, MFI-9.8±0.45), CT treated tumour derived cells (n = 5, MFI-6.1±0.3) and CT treated tumour derived cells treated with MK-571 (MFI-7.7±0.4). Scatter plot shows the doxorubicin (%) retention in tumour derived cells (4E). Error bar represent standard error of the mean (SEM); n = 3.](pone.0155013.g004){#pone.0155013.g004}

We next proceeded to test the effects of ABCC3 inhibition on drug retention in breast cancer cells. Since specific pharmacological inhibitors for ABCC3 are not currently available, we have undertaken shRNA mediated knockdown approach. To do so, we generated stable knockdowns of ABCC3 in MDA-MB-231 and BT-474 cells by transfecting pGIPZ-ABCC3 shRNA and compared it with the effect of ABCC1 knockdown using pGIPZ-ABCC1 shRNA that served as positive control. Stable cell lines expressing non-targeting shRNA (NT) were used as control. A qPCR analysis revealed greater than 60% knockdown of ABCC1 and ABCC3 in both the cell lines by real time PCR ([Fig 5A and 5B](#pone.0155013.g005){ref-type="fig"}). We first performed doxorubicin retention assays and observed that knockdown of ABCC1 in both MDA-MB-231 and BT-474 cells resulted in increased doxorubicin retention at two different concentrations of doxorubicin 2 μM and 4 μM ([Fig 5C, 5E](#pone.0155013.g005){ref-type="fig"} and [S4A Fig](#pone.0155013.s004){ref-type="supplementary-material"}). Similar results were obtained with yet another anti-cancer drug mitoxantrone ([Fig 5D and 5F](#pone.0155013.g005){ref-type="fig"}). Thus, our these data revealed that similar to inhibition of ABCC1 with MK-571, knockdown of ABCC1 in breast cancer cells also promoted their increased retention of doxorubicin, consistent with a previous report on Jurkat cells \[[@pone.0155013.ref022]\].

![Knockdown of ABCC3 enhances doxorubicin retention in breast cancer cells.\
A and B) Bar graph shows ABCC1 (5A) and ABCC3 (5B) gene expression in MDA-MB-231 and BT-74 cells stably expressing non-targeting shRNA (NT), shABCC1 or shABCC3 shRNA evaluated by qPCR. Error bar represent standard error of the mean (SEM); \*\*\* = p\<0.001, n = 3. C, D, E and F) Bar graphs shows the drug retention (%) in MDA-MB-231 and BT-474 cells stably expressing NT or shABCC1 treated with increasing concentrations of doxorubicin or mitoxantrone. Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3. G, H, I and J) Bar graphs shows the drug retention (%) in MDA-MB-231 and BT-474 cells stably expressing NT or shABCC3 treated with increasing concentrations of doxorubicin or mitoxantrone. Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3. K and L) Bar graphs show percentage drug retention in MDA-MB-231 and BT-474 cells stably expressing shABCC1 or shABCC3 and treated with increasing concentrations of doxorubicin. Error bar represent standard error of the mean (SEM); \* = p\<0.05, \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3.](pone.0155013.g005){#pone.0155013.g005}

We next proceeded to test the effects of ABCC3 knockdown. We observed that doxorubicin retention was significantly upregulated in ABCC3 knockdown cells ([Fig 5G and 5I](#pone.0155013.g005){ref-type="fig"}), whereas mitoxantrone retention was similar to non-targeting shRNA carrying cells ([Fig 5H and 5J](#pone.0155013.g005){ref-type="fig"}), consistent with the fact that mitoxantrone is not a substrate for ABCC3. Thus, our data revealed that similar to ABCC1, ABCC3 knockdown also leads to increased retention of anticancer drugs ([Fig 5G--5J](#pone.0155013.g005){ref-type="fig"}), suggesting a possible causal role for ABCC3 in treatment-induced drug resistance. Interestingly, we found that doxorubicin retention was significantly increased upon ABCC3 knockdown compared to ABCC1 knockdown cells ([Fig 5K and 5L](#pone.0155013.g005){ref-type="fig"}). Together, these data suggested that knockdown or inhibition of specific ABC transporters that are induced in response to chemotherapy treatment might improve the effect of anticancer drugs by increasing drug retention.

Knockdown of ABCC3 improves sensitivity to chemotherapeutic agents {#sec020}
------------------------------------------------------------------

Since we observed that knockdown of ABCC3 led to increased doxorubicin retention, we next gauged the effect of its knockdown on chemosensitivity, and compared it with experiments on ABCC1 knockdown that served as positive control. As expected, knockdown of ABCC1 led to a reduction in IC~50~ for doxorubicin from 0.98 μM in NT cells to 0.60 μM ([Fig 6A](#pone.0155013.g006){ref-type="fig"} and [S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}). Similarly we investigated the IC~50~ value for mitoxantrone and methotrexate. Here we observed that IC~50~ value for mitoxantrone was reduced from 0.81 μM (NT) to 0.36 μM upon ABCC1 knockdown ([Fig 6B](#pone.0155013.g006){ref-type="fig"} and [S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}). However, IC~50~ value for methotrexate did not change much upon ABCC1 knockdown ([Fig 6C](#pone.0155013.g006){ref-type="fig"} and [S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}). This is again consistent with methotrexate not being a good substrate for ABCC1. Thus, knockdown of ABCC1 rendered breast cancer cells chemo-sensitive. This is consistent with previous results wherein IC~50~ value of etoposide was decreased upon knockdown of ABCC1 in MCF-7 cells \[[@pone.0155013.ref008]\].

![Knockdown of ABCC3 improves sensitivity to chemotherapeutic agents.\
A-F) The line graph shows the cell viability (%) in MDA-MB-231 cells stably expressing NT or shABCC1 (6A, 6B and 6C) or shABCC3 (6D, 6E and 6F) treated with increasing concentrations of doxorubicin, mitoxantrone and methotrexate for 48 hours; Error bar represent standard error of the mean (SEM); n = 3. G and H) The bar graph shows the percentage of apoptotic cells upon doxorubicin (6G) or methotrexate treatment (6H) in MDA-MB-231 cells stably expressing NT, shABCC1 and shABCC3 evaluated by Annexin V assay; Error bar represent standard error of the mean (SEM); \* = p\<0.05, \*\* = p\<0.01, \*\*\* = p\<0.001, n = 3.](pone.0155013.g006){#pone.0155013.g006}

To begin to understand the functional role of ABCC3 in chemoresistance, we performed same experiments using MDA-MB-231 stably expressing shABCC3 cells. In these cells, we observed that the IC~50~ values for doxorubicin and methotrexate reduced from 0.98 μM to 0.41 μM and from 24.12 μM to 13.35 μM, respectively ([Fig 6D, 6F](#pone.0155013.g006){ref-type="fig"} and [S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}). However, the IC~50~ for mitoxanthrone was only slightly reduced from 0.81 μM to 0.62 μM ([Fig 6E](#pone.0155013.g006){ref-type="fig"} and [S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}), consistent with lack of mitoxanthrone retention in the ABCC3 knockdown cells as observed previously ([Fig 5H](#pone.0155013.g005){ref-type="fig"}). Thus, our data showed that consistent with increased doxorubicin retention, knockdown of ABCC3 also reduces the IC~50~ for chemotherapeutic drugs, much more than the ABCC1 knockdown, suggesting that inhibition or preventing the upregulation of ABCC3 might be efficacious for breast cancer treatment.

Further we investigated the chemotherapeutic effects on ABCC1 and ABCC3 knockdown cells using apoptosis assay. Here first we treated MDA-MB-231 cells expressing shABCC1 or shABCC3 or NT cells with either doxorubicin (1 μM) or methotrexate (30 μM) for 20 hours, and then we observed the percentage of apoptosis using Annexin V assay. We observed that percentage of apoptosis increased upon doxorubicin treatment in ABCC1 and ABCC3 knockdown cells compared to control NT cells ([Fig 6G](#pone.0155013.g006){ref-type="fig"} and [S5A Fig](#pone.0155013.s005){ref-type="supplementary-material"}), but in methotrexate treatment apoptosis percentage was increased only upon ABCC3 knock-down but not in ABCC1 knock-down ([Fig 6H](#pone.0155013.g006){ref-type="fig"} and [S5A Fig](#pone.0155013.s005){ref-type="supplementary-material"}), this is consistent with the reduction in methotrexate IC~50~ value only in ABCC3 knock-down cells ([S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}). Thus, our data revealed that similar to knockdown of ABCC1, ABCC3 knockdown also increased the drug-sensitivity of breast cancer cells. Our data further revealed a novel observation that identifies the knockdown of ABCC3, but not ABCC1, sensitizes breast cancer cells to methotrexate, a routinely used drug to treat breast cancers, together highlighting an important role for ABCC3 in breast cancer drug resistance.

Knockdown of ABCC3 reduces stemness {#sec021}
-----------------------------------

Since drug resistance is correlated with cancer cell stemness \[[@pone.0155013.ref024]\], and a direct role for ABC transporters in the regulation of cancer cell stemness is not yet well explored, we next investigated the effects ABCC3 knockdown on stemness gene expression using real time PCR based approach, and compared it with that of ABCC1 that has been implicated in cancer stemness. We observed that upon ABCC1 knockdown stemness genes like Nanog and Bmi1 were down regulated in MDA-MB-231 ([Fig 7A](#pone.0155013.g007){ref-type="fig"}) and BT-474 cell-lines ([Fig 7B](#pone.0155013.g007){ref-type="fig"}). However, Oct-4, yet another stemness gene, was down regulated only in MDA-MB-231 cells but not in BT-474 cells. Interestingly similar results were obtained with ABCC3 knockdown cells in both MDA-MB-231 ([Fig 7C](#pone.0155013.g007){ref-type="fig"}) and BT-474 cells ([Fig 7D](#pone.0155013.g007){ref-type="fig"}). Thus, knockdown of ABCC3, similar to that of ABCC1, led to a decrease in the expression of stemness related genes. We further compared the effect of ABCC1 and ABCC3 knockdown on CD44^high^/24^low^ marker profile that identifies breast cancer stem cells \[[@pone.0155013.ref025]\]. We found that (CD44^high^/24^low^) stem like cell population was significantly reduced upon ABCC3 knockdown ([Fig 7E and 7F](#pone.0155013.g007){ref-type="fig"}) in MDA-MB-231 cells. However, knockdown of ABCC1 failed to show this effect ([Fig 7E and 7F](#pone.0155013.g007){ref-type="fig"}). Thus, we show that knockdown of ABCC1 and ABCC3 leads to reduction of stemness gene expression, and, importantly, that knockdown of ABCC3 further showed reduced breast cancer stem-like cell population.

![Knockdown of ABCC3 reduces stemness.\
A-D) Bar graphs show gene expression of Nanog, Oct4 and Bmi1 in MDA-MB-231 and BT-474 cells stably expressing NT, shABCC1 (7A and 7B) and shABCC3 (7C and 7D) evaluated by qPCR; Error bar represent standard error of the mean (SEM); \* = p\<0.05, \*\*\* = p\<0.001, n = 3. E and F) FACS plot shows the CD44^high^/CD24^low^ expression in MDA-MB-231 cells stably expressing NT, shABCC1 and shABCC3 shRNA (7E). Bar graph shows the percentage of CD44^high^/24^low^ expression (7F). Error bar represent standard error of the mean (SEM); \*\*\* = p\<0.001, n = 3. G and H) The line graph shows tumor growth kinetics of MDA-MB-231 cells expressing NT or shABCC3 and injected subcutaneously (1.5x10^6^ cells/injection) into 5 weeks NOD-SCID mice. Doxorubicin treatment was given 20 days after injection and continued for 4 weeks (7G). Tumour growth was monitored for the indicated period. At the End of the treatment tumours were isolated and tumor weight was measured (7H). Error bar represent standard error of the mean (SEM); \*\* = p\<0.01, \*\*\* = p\<0.001, n = 5.](pone.0155013.g007){#pone.0155013.g007}

To further corroborate our results with drug resistance *in vivo*, we tested the effects of doxorubicin on xenograft tumours generated in immunocompromised mice. Since knockdown of ABCC3 led to a significant retention of doxorubicin, and also decreased the breast cancer stem-like cell population, we went ahead and undertook in vivo experiments with ABCC3 knockdown cells. Consistent with a reduction in the number of stem-like cancer cells, we observed that knockdown of ABCC3 led to reduced tumor growth compared to control NT cells, which was further reduced on doxorubicin treatment ([Fig 7G, 7H](#pone.0155013.g007){ref-type="fig"} and [S8 Table](#pone.0155013.s013){ref-type="supplementary-material"}). The combined effect of ABCC3 depletion and doxorubicin treatment led to greater tumor growth retardation than individual treatments ([Fig 7G, 7H](#pone.0155013.g007){ref-type="fig"} and [S8 Table](#pone.0155013.s013){ref-type="supplementary-material"}).

Discussion {#sec022}
==========

Despite advances in cancer treatment strategies, the survival rate of patients with breast cancer is still low because of development of multi drug resistance. Multi drug resistance in breast cancer has been majorly attributed to efflux of drugs by ABC transporters. Recent reports suggest that overexpression of ABCB1 leads to increase in the gene expression of CD44 in breast cancer cells \[[@pone.0155013.ref026]\] Therefore, understanding the expression and functional significance of specific ABC transporters will help in the development of novel treatment strategies aimed at targeting or reducing their expression in order to achieve better treatment response. In this study we investigated the expression of ABCC1 and ABCC3 in breast cancers and assessed their role in cancer drug resistance and stemness. We observed that similar to ABCC1, the expression of ABCC3 is elevated in breast cancers, particularly following chemotherapeutic drug treatment. Similar to ABCC1, overexpression of ABCC3 also led to decreased drug retention, while its knockdown increased drug retention and increased chemosensitivity. These data suggested that similar to ABCC1 \[[@pone.0155013.ref027]\], ABCC3 could be both a prognostic indicator and a therapeutic target in breast cancer treatment.

Expression of ABCC1 has been shown to be significantly increased in neuroblastomas and its overexpression is associated with poor patient survival. In non-small cell lung cancer ABCC3 was shown to be highly expressed and it served as a drug resistance marker \[[@pone.0155013.ref028]\]. In this study we show that ABCC1 and ABCC3 were significantly overexpressed in a large number of breast cancer samples compared to normal. Similar trend was observed in several breast cancer cell lines compared to immortalized cells. Our data is consistent with previous reports on overexpression of ABCC1 in breast cancers \[[@pone.0155013.ref012]\], while additionally identifying ABCC3 overexpression in high grade breast cancers.

Chemotherapy leads to increased expression of several ABC transporters in multiple cancer types \[[@pone.0155013.ref029]\]. Consistent with this we observed that the expressions of ABCC1 and ABCC3 in chemotherapy-treated breast cancer derived tissue samples were significantly upregulated compared to chemo-naive breast cancer derived tissue samples. In addition, we observed that treatment of breast cancer cell lines *in vitro* with anti-cancer drugs routinely used in the clinic to treat breast cancers (doxorubicin, mitoxantrone and 5-flurouracil) also increased the expression of ABCC1 and ABCC3 in these cells. Further our data on drug retention analysis showed that the cells derived from chemotherapy treated samples had lower retention of doxorubicin compared to the cells derived from chemo-naive samples. Together, these data suggest that preventing the treatment-induced upregulation of ABC transporters might improve the efficacy of chemotherapy.

Several mechanisms have been proposed for the chemotherapeutic drug-induced upregulation of ABC transporters \[[@pone.0155013.ref030]\]. Adriamycin-induced upregulation of Twist has been shown to increase the expression of ABCB1 \[[@pone.0155013.ref031]\]. Consistent with this, in our previous study we have identified EMT-transcription factor binding sites on the promoters of several ABC transporters, and showed chemotherapy induces increase in several EMT factors as a possible mechanism for drug-induced upregulation of ABC transporters \[[@pone.0155013.ref004]\]. In addition, several studies have suggested epigenetic regulation of ABC transporter expression in response to chemotherapeutic drugs. For example, promoter demethylation leading to upregulation of ABCB1 has been observed in doxorubicin selected CCRF-CEM cells (CEM-A7R) \[[@pone.0155013.ref032]\]. Similar results were obtained in vincristine-selected KB3-1 cells \[[@pone.0155013.ref033]\]. Recent reports have shown that the chromatin-remodelling proteins have an impact on ABCG2 expression in several carcinoma cell lines \[[@pone.0155013.ref034], [@pone.0155013.ref035]\]. In another study it was shown that epigenetic up-regulation of ABCG2 is an upstream event leading to ABCG2-mediated MDR through chemotherapeutic drug-induction \[[@pone.0155013.ref030]\]. Thus, better understanding of the mechanisms that promote upregulation of ABC transporters upon chemotherapy can help identify means to prevent this.

Inhibition or downmodulation of some ABC transporters has been shown to increase the accumulation of drugs and promote cell death \[[@pone.0155013.ref022]\]. Inhibition of P-gP (ABCB1) in MDA-MB-435S cells showed increased retention of doxorubicin. It was also shown that inhibition of ABCC1 leads to increased accumulation of doxorubicin in T-lymphocyte cells \[[@pone.0155013.ref021]\]. In addition to the above, we have shown that inhibition or knockdown of ABCC1 increases the accumulation of doxorubicin and mitoxantrone in two different breast cancer cell lines (MDA-MB-231 and BT-474). Also, our data showed that knockdown of ABCC3, significantly increased the retention of doxorubicin in breast cancer cell lines, better than that achieved by ABCC1 knockdown. Consistent with this, we noticed that the knockdown of ABCC3 led to higher reduction in the IC~50~ values for doxorubicin ([S7 Table](#pone.0155013.s012){ref-type="supplementary-material"}). Whether such reductions have therapeutic significance remains to be established. One possibility is that only a specific sub-population is rendered more sensitive, and if this happens to be the drug resistant subpopulation, then even slight reductions in IC~50~ value may be therapeutically significant.

Further Annexin V assays revealed that doxorubicin and methotrexate treatment of ABCC1 and ABCC3 knockdown cells showed 5 to 6 fold increased apoptosis compared to NT cells. These results suggest that knockdown of ABCC3, similar to knockdown of ABCC1, can improve the sensitivity of breast cancer cells to chemotherapeutic drugs. Thus, our study reveals that, knockdown of ABCC3 significantly increases drug retention, chemosensitivity and apoptosis in breast cancer cells.

Further we investigated other cancer-related biological phenomena that could be modulated by these transporters. It has been reported that knockdown of ABCC1 and ABCC4 decreases sphere formation efficiency of neuroblastoma cells \[[@pone.0155013.ref036]\], suggestive of decreased stemness. Interestingly we observed the reduction of stemness genes expressions (like Nanog and Bmi1) upon ABCC1 and ABCC3 knockdown in MDA-MB-231 and BT-474 cell lines. Further, CD44^high^/CD24^low^ fraction, which has been identified as the stem-like cells in breast cancer, was also reduced upon knockdown of ABCC3, but not by ABCC1 knockdown. These results indicated that these transporters might also be involved in the regulation of cancer stemness; however the mechanisms by which inhibition or knockdown of ABC transporters might contribute to cancer stemness remains to be investigated. Knockdown of various ABC transporters have indeed been shown to affect different cellular processes. For example, knockdown of ABCG2 has been shown to reduce the expression of Nanog through p53 regulation in Embryonic stem cells \[[@pone.0155013.ref037]\]. In lung cancer cell lines it was shown that ABCG2 has a typical role in the regulation of cell proliferation. Knockdown of ABCG2 led to G0/G1 cell cycle arrest associated with up-regulation of p21 and downregulation of cyclin D3 \[[@pone.0155013.ref038]\]. In another study it was reported that mice lacking ABCC1 are viable and fertile but have a defect in inflammatory response due to decreased secretion of LTC4, which is an endogenous substrate of ABCC1 \[[@pone.0155013.ref039], [@pone.0155013.ref040]\]. However the precise mechanisms that lead to decrease in stemness upon inhibition/knockdown of specific ABC transporters remain to be investigated.

Amongst the two transporters, knockdown of ABCC3 led to a greater increase in the retention of doxorubicin and a higher reduction in IC~50~ value compared to the knockdown of ABCC1. This prompted us to study the effect of this particular transporter in *in vivo* mouse model. Consistent with a reduction in the stem-like cell population in vitro, knockdown of ABCC3 reduced the tumor formation ability *in-vivo*. Treatment with doxorubicin further increased growth retardation, suggesting that a combination of ABCC3 inhibition together with doxorubicin will likely lead to better therapeutic end point. Thus this study has highlighted the importance of ABCC3 in breast cancers and further suggests that targeting this transporter might help to alleviate therapy-induced resistance.

Conclusion {#sec023}
==========

Thus, our study revealed that similar to ABCC1, ABCC3 is also overexpressed in grade III primary breast cancers. Importantly, *in vivo* and *in vitro* drug treatment led to a further increase in their expression levels, indicating their possible role in therapy-induced resistance in breast cancer cells. Consistent with this, overexpression of ABCC3 correlated with decreased drug retention, while knockdown of ABCC3 increased drug retention and apoptosis. Taken together, these results suggest that treatment with anticancer agents in combination with inhibition/down modulation of ABCC3 may be an effective clinical strategy for treating breast cancers. Further, our study highlights a role for ABCC3 in chemotherapy induced drug resistance and in the regulation of cancer stemness in the context of breast cancer.

Supporting Information {#sec024}
======================

###### Primers for Real time PCR experiments.

This data file contains a list of the primers and sequences for the same, that were used in Real time PCR experiments.

(PDF)

###### 

Click here for additional data file.

###### Effect of ABCC3 overexpression on chemotherapeutic drug retention.

FACS plots representing the drug retention in MD-AMB-231 and BT-474 cells (S2B and S2D) transiently transfected with empty vector or ABCC1 (OE) or ABCC3 (OE); n = 3.

(PDF)

###### 

Click here for additional data file.

###### Effect of MK-571 on Rhodamine and Doxorubicin retention in breast cancer cells.

FACS plots represents rhodamine-123 retention in MK-571 treated breast cancer cells (S3A), doxorubicin retention in MK-571 treated breast cancer cells (S3B) and in primary breast cancer cells (S3C). n = 3.

(PDF)

###### 

Click here for additional data file.

###### Effect of ABCC3 knockdown on doxorubicin retention.

FACS plots shows retention of increasing concentrations of doxorubicin in MDA-MB-231 cells expressing NT or shABCC1 or shABCC3.; n = 3.

(PDF)

###### 

Click here for additional data file.

###### Effect of ABCC3 knockdown on drug induced apoptosis.

The FACS plots representing the percentage of Annexin-V-PE-cy5 staining in MDA-MB-231 expressing NT, shABCC1 and shABCC3 cells treated with doxorubicin or methotrexate for 20 hours.

(PDF)

###### 

Click here for additional data file.

###### Expression of ABCC1 in normal breast tissue samples.

Represents the qPCR results of ABCC1 expression in normal breast tissue samples.

(XLSX)

###### 

Click here for additional data file.

###### Expression of ABCC1 in tumor breast (Chemo-naive) tissue samples.

Represents the qPCR results of ABCC1 expression in tumor breast (chemo-naive) tissue samples.

(XLSX)

###### 

Click here for additional data file.

###### Expression of ABCC3 in normal breast tissue samples.

Represents the qPCR results of ABCC3 expression in normal breast tissue samples.

(XLSX)

###### 

Click here for additional data file.

###### Expression of ABCC3 in tumor breast (Chemo-naive) tissue samples.

Represents the qPCR results of ABCC3 expression in tumor breast tissue (chemo-naive) samples.

(XLSX)

###### 

Click here for additional data file.

###### Expression of ABCC1 in chemotherapy treated tumor samples.

Represents the qPCR results of ABCC1 expression in tumor breast tissue (chemotherapy treated) samples.

(XLSX)

###### 

Click here for additional data file.

###### Expression of ABCC3 in chemotherapy treated tumor samples.

Represents the qPCR results of ABCC3expression in tumor breast tissue (chemotherapy treated) samples.

(XLSX)

###### 

Click here for additional data file.

###### Effect of ABCC1 and ABCC3 knockdown on chemosensitivity.

Represents the IC50 values of doxorubicin, mitoxantrone and methotrexate in cells stably expressing non-targeting shRNA or shABCC1 or shABCC3. IC50 values were determined with curvefit method using Graph-pad prism 5.

(PDF)

###### 

Click here for additional data file.

###### Effect of ABCC3 knockdown on tumor inhibition rate.

Represents the tumor inhibition rate of tumours formed in NOD SCID mice by MDA-MB-231 cells expressing NT or shABCC3 in the presence or absence of doxorubicin treatment.

(PDF)

###### 

Click here for additional data file.
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